H I G H L I G H T S
• Suspended sediment concentrations decreased despite increasing burn area.
• Rapid conversion from sprinkler/furrow to drip irrigation occurred over this time.
• Irrigation changes seem to have obscured wildfire influenced sediment production.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o
1. Introduction
Watershed sediment flux
Fluvial suspended sediment fluxes from developed watersheds in semi-arid environments are influenced by natural and human induced changes to the land surface that interact with extremely variable climatic regimes. Environmental monitoring and sedimentary records indicate that fluvial sediment flux dynamics often exhibit temporal dependence over event to inter-decadal time scales, particularly in arid to semi-arid climates (Morehead et al., 2003; Walling and Fang, 2003; Syvitski et al., 2005; Gao et al., 2013; Gray et al., 2015b) . However, attributing changes in sediment regimes to a discrete cause is often complicated by the overprinting of many external drivers and internal dynamics that affect watershed scale sediment production and transport, which tend to obscure the effects of individual forcing factors (Walling, 1977; Syvitski et al., 2000) . Furthermore, factors affecting watershed scale sediment production operate over a wide range of time scales, with even seemingly discrete events generating legacy effects that may last for years or decades (Warrick et al., 2012; Warrick et al., 2013; Gray et al., 2014) . Semi-arid basins in particular have been found to display persistent dependence on climatically driven antecedent basin conditions, such as storm/flood and wildfire histories (Abraham, 1969; Tanji et al., 1980; Lenzi and Marchi, 2000; Lana-Renault et al., 2007; Warrick and Rubin, 2007; López-Tarazón and Vericat, 2011; Gray et al., 2015a) . The addition of human influences further complicates sediment flux controls in the highly developed portions of the world that are the most intensively studied (Walling, 2006; Syvitski and Milliman, 2007) .
Thus, elucidation of temporal dependence in the suspended sediment dynamics of a highly developed, semi-arid basin is a forensic exercise of implicating and eliminating a host of potential controls. For this reason, when discrete controls on sediment dynamics are discovered in a given watershed it is often the result of scenarios where proportionally large areal disturbances have dominated the sediment response of relatively small (area b 1000 km 2 ) watersheds. In this way, wildfire (Florsheim et al., 1991; Cerdà, 1998; Lavé and Burbank, 2004; Warrick et al., 2012) , urbanization (Wolman and Schick, 1967; Trimble, 1997; Warrick and Rubin, 2007) , and agriculture (Gao and Pasternack, 2007; Abaci and Papanicolaou, 2009; Estrany et al., 2009; Florsheim et al., 2011) have been found to exert significant control on fluvial sediment flux. However, understanding the fluvial sediment dynamics of most systems over inter-decadal time scales requires the disentanglement of multiple controls, particularly at larger spatial scales.
Internal and external controls
The most important external driver controlling inter-decadal scale sediment flux is regional climate, which interacts with internal factors such as geological substrate and topography to influence internal processes such as geomorphic evolution, soil development, vegetation assemblages, and fire frequency (Syvitski et al., 2000) . The interaction of vegetation, topography and interannual to decadal scale climatic expression also largely determines wildfire regimes (Pyne et al., 1996) . Sediment flux generally rises after wildfire due to increases in the erodibility of hillslope surfaces through the removal of vegetation and litter layers, destabilization of soil aggregates by organic matter combustion, and increases in soil mantle slides or overland flow due to the development of subsurface and surface soil hydrophobicity, respectively (Debano and Krammes, 1966; Keller et al., 1997; DeBano, 2000; Gabet, 2003) . In systems experiencing dry seasons, such as much of the Western U.S., this results in down-slope dry-ravel transport through gravity alone (Swanson, 1981; Jackson and Roering, 2009; Lamb et al., 2011; Hubbert et al., 2012) . Soil heating can also cause hydrophobicity increases in the soil surface that, along with decreases in interception and evapotranspiration, cause increases in surface runoff during the wet season (Shakesby and Doerr, 2006) . Increased surface runoff further exacerbates erosion from the destabilized hillslope. Indeed, the timing of high-intensity precipitation plays a large role in post-fire sediment flux augmentation (Inbar et al., 1998; Warrick et al., 2012; Staley et al., 2014) . Large storms produce precipitation intensities and volumes sufficient to traverse runoff regimes, from sheet flow, to rill and gully erosion, and mass wasting, which can very effectively erode wildfire destabilized hillslopes (Cannon, 2001; Moody et al., 2008) . With increasing elapsed time between wildfire and high intensity precipitation events, hillslopes generally re-vegetate, re-stabilize, and yield less sediment for a given precipitation magnitude (Inbar et al., 1998; Cerdà and Lasanta, 2005; Malmon et al., 2007; Warrick et al., 2012) , although decadal scale legacies of individual fires have been reported (Sass et al., 2012) .
Humans have caused pre-historic to historic increases in global sediment flux due largely to agriculture and deforestation (Wolman and Schick, 1967; Beschta, 1978; Milliman and Meade, 1983; Pasternack et al., 2001; Piegay et al., 2004; Syvitski et al., 2005; Walling, 2006; Weston, 2014) . This phenomenon has generally been followed by a rapid decrease in sediment flux during the 20th century, primarily from river impoundment, and to a lesser degree changes in agricultural practices and afforestation (Vorosmarty et al., 2003; Walling, 2006) . Changes in agricultural practices over the last century have in many cases led to decreases in off-field sediment transport with the implementation of soil conservation practices, including changes to less erosive irrigation techniques (Carter et al., 1993; Koluvek et al., 1993; Tomer et al., 2010; Wilson et al., 2014) . Flow regulation (i.e. damming) causes declines in basin scale sediment yield by trapping sediment in reservoirs and altering the natural flow regime, particularly through reduction of peak flood discharge magnitudes (Pasternack et al., 2001; Vorosmarty et al., 2003; Willis and Griggs, 2003; Walling and Fang, 2003; Walling, 2006; Warrick and Rubin, 2007; Estrany et al., 2009) . After an initial spike during construction, urbanization can also lead to sediment load decreases with the increase in the cover of impervious surfaces (Wolman, 1967; Wolman and Schick, 1967; Warrick and Rubin, 2007; Minear, 2010) . Conversely, extensive urbanization can act to increase sediment yield by altering basin scale precipitation -discharge characteristics (i.e. hydrologic response); for example shortening the time to peak flow, decreasing total flow duration, increasing peak magnitude, and increasing total runoff volume (Espey, 1969; Hollis, 1975; Trimble, 1997; Warrick and Rubin, 2007) .
Assessment of sediment controls
Due to the difficulty and expense of collecting samples, fluvial suspended sediment flux is usually estimated on the basis of infrequent sediment monitoring coupled with more frequent or even continuous discharge monitoring (Horowitz, 2003) . The most common technique is to compute sediment concentration (C SS )-discharge (Q) rating curves using log-linear regression or non-parametric localized regression methods such as LOESS (Walling, 1977; Walling and Webb, 1988; Tananaev, 2013) . Anthropogenic disturbances and wildfire will alter C SS -Q relationships if they result in disproportionate changes in the magnitude and/or timing of the supply of sediment or water relative to one another (Warrick, 2014) .
Thus, changes in sediment flux and C SS -Q relationships examined in relation to agriculture and wildfire activity over time can provide insight into these important controls on sediment dynamics in highly agricultural, semi-arid basins. Determination of the dominance of a factor potentially controlling sediment production over other factors can be approached through the comparison of the temporal trends of control metrics with the metric describing sediment production. Correlation between control factors and sediment production metrics can then be analyzed and interpreted in light of the expected effects of a given control (i.e. acting to increase or decrease sediment supply).
Study objectives
The objective of this study was to examine how contemporary wildfire activity and land use change affected discharge normalized sediment delivery from highly agricultural, semi-arid mountainous watersheds in the context of additional hydrologic and climatic controls. The fundamental approach was to examine changes in suspended sediment -discharge relationships over time in light of temporal trends in wildfire and agricultural activities. Increasing watershed burn area over time would be expected to result in increasing sediment production. Conversely, changes to less erosive agricultural technologies, such as increasing the proportional utilization of drip irrigation, would be expected to result in decreasing sediment production. Departure of sediment production trends from those expected on the basis of changes in a given control factor would be considered as evidence that the factor was not a dominant control on sediment production. Correlation of sediment production metrics with wildfire activities were then used to determine if wildfire disturbance also acted as a short term (annual to interannual) control on sediment production. Wildfire activity was expected to correlate positively with sediment production. Departure from this expected correlation between sediment production and wildfire would also indicate that wildfire was not a dominant control.
Study region

Physiography
The Salinas River drains 11,605 km 2 of the Central Coast Ranges of California from a maximum relief of~1,900 m with a mean discharge (Q mean ) of 11.6 m 3 /s from the lowest gauge in the basin (S1, USGS gauge # 11152500: Salinas R. near Spreckels) for the periods of 1931-2011 (Fig. 1) . The regional climate is dry-summer subtropical -most annual precipitation falls as rain originating from winter storms, the largest of which often occur during strong El Niño years (Farnsworth and Milliman, 2003; Andrews et al., 2004) . For this region 'water years' begin on 1 October of the previous calendar year and end on 30 September of the calendar year. A strong precipitation gradient extends from the wetter SW (~1000 mm/year) to drier NE (~300 mm/year) region of the watershed due to predominant S-SW impingement of storms (Andrews et al., 2004) and orographical forcing (Farnsworth and Milliman, 2003) . Geologic substrate is primarily Mesozoic sedimentary rock (Rosenberg and Joseph, 2009 ). The Salinas River valley consists of three lateral geomorphic zones -a riverbed, a bottomland, and flanking terraces, with one such terrace containing the major alluvial plain on the valley floor that is populated and used today. The bottomland is a broad bench situated lower than the surrounding plain and separated from it by well-defined side slopes. Though historically there was a well-defined, small, forested channel localized in the bottomland (Crespí and Brown, 2001) , today the channel is primarily a broad, destabilized active zone that is intermittently well-defined in space and time as either a meandering thread or braided channel. The modern channel is lightly vegetated, with the abundance depending on the duration of interannual dry periods between floods, as these times allow pioneer grasses and willow shrubs to emerge though not necessarily persist.
History of human impacts
The Salinas valley has been influenced by humans and animals throughout its recorded history and likely thousands of years before the arrival of Europeans. Pre-historically, the Ohlone natives of the region used fire to maintain an open terrain on the main valley floor and to promote their food supply, whereas the hills and mountains around the valley were forested and home to large predators (Margolin, 1978) . The moist bottomlands were well vegetated with cottonwoods, sycamores, live oaks, willows, and some pines and white oaks (Crespí and Brown, 2001) . Archival records and drawings from the Spanish and Mexican era (1769-1849) indicate that the bottomlands were deforested in support of the development of the rancho economy prior to American conquest. Further, beaver were likely abundant in Fig. 1 . The Salinas River watershed. The locations of USGS hydrologic gauging stations are marked with circles and identification codes: S1, S2, and A3 correspond to gauge names: Salinas R. near Spreckels, Salinas River near Chualar, and Arroyo Seco near Greenfield (USGS gauge numbers 11152500, 11152300, and 11151870), respectively. The National Oceanographic and Atmospheric Administration precipitation gauge 'Big Sur State Park' is indicated with a black triangle and the label BGS.
the river and important in its morphology and sediment dynamics, yet are now demonstrated to have been extirpated from the landscape as part of the maritime California fur trade during the Spanish and Mexican era (Lanman et al., 2013) . Meanwhile, the higher plains adjacent to the bottomlands were grazed by some millions of free-ranging cattle during this era (Smith-Lintner, 2007) , until the devastating drought of 1861-1865 ended California's cattle-based economy. Cattle also went into the bottomland to get water, especially during droughts when large holes were dug into the riverbed to provide livestock and people with access to the perennial groundwater for drinking (Fisher, 1945) . Reclamation projects stimulated by new state laws promoting land use converted marshy areas around valley's sloughs into agricultural land during 1850-1870 (PAST Consultants LLC, 2010). According to records from American land surveyors and the British naturalist William Brewer who traveled the river corridor in the mid-1850s and early 1860s (e.g., Freeman, 1855; Brewer and Farquhar, 1966) , the Salinas was a desolate, dry bed of wind-blown sand and treacherous quicksand at that time, yet newspapers also reported on devastating floods, such as in 1852 when the Salinas plain was inundated. Overall, a fundamental transformation in the landscape was wrought by Europeans, even as regional climate remained the same with no long-term trend throughout that period (based on analysis of the paleoclimate records used in Griffin and Anchukaitis, 2014) , although the characteristic feature of the climate has been frequent recurrences of droughts and floods (Guinn, 1890; Lynch, 1931) . Similar to the observed threshold change in sedimentary response to post-European land transformation in the Chesapeake Bay region (Kahn and Brush, 1994) , the pre-European Salinas landscape was likely resilient to natural climatic events (e.g., droughts, wildfires, floods, and earthquakes), even with Ohlone fire practices, but after European land transformation the landscape became highly sensitive to perturbation.
Today, the Salinas River is heavily changed due to modern land use and flow regulation. Excessive surface irrigation and the regional drought of 1880 were the major stimuli for the onset of groundwater pumping (Planert and Williams, 1995) , fueled by the wood from the valley's remaining trees. By 1901 pumping was well underway, with wells drawing water from as deep as 75 m below the ground surface and lowering the water table below the ground by 3-5 m (Lapham and Heileman, 1901) . Agriculture is now the largest anthropogenic disturbance in the watershed in terms of area, followed by urbanization and dam emplacement (Thompson and Reynolds, 2002) . Three major dams were constructed on the mainstem and two major eastern tributaries from 1941 to 1965, impounding the runoff of some 1,970 km 2 , or about 17% of the total watershed, primarily in subbasins of the wetter western mountains (Fig. 1 ). Urbanization has increased significantly in the basin over the past century but represented only~2% of land area by 2010.
Previous studies
The Salinas River watershed of central California was used as the test case for this study because of the preponderance of data documenting diverse hydrologic events in the watershed, and its history as a preeminent testbed for watershed-scale sediment flux over the last few decades. This work provided the initial forensic setting from which to explore the roles of wildfire and agricultural activity in a semi-arid, mountainous watershed. Previous studies found evidence for the primary role of the Salinas River in supplying sand to Monterey Bay (Porter et al., 1979) and the significant reduction of coarse sediment export to the coast due to damming on the Salinas and neighboring Rivers (Willis and Griggs, 2003) . External controls on decadal to inter-decadal scale fluvial sediment flux patterns have been further investigated in terms of Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation (ENSO) cycles (Inman and Jenkins, 1999; Farnsworth and Milliman, 2003; Gray et al., 2015a) . Integrated expressions of external and internal factors in the form of antecedent hydrologic conditions (i.e. discharge and drought history) that are affected by ENSO have also been examined as controls on suspended sediment discharge regimes (Gray et al., 2014 (Gray et al., , 2015a (Gray et al., , 2015b . One previous study has also addressed the importance of wildfire in controlling the sediment export from a major Salinas tributary (Warrick et al., 2012) .
Inman and Jenkins (1999) conducted a regional scale study on suspended sediment flux from central and southern California coastal rivers with a focus on episodic events and their relationship to regional climate cycles. They found that large events dominated sediment transfer from the rivers in this region, including the Salinas, and that decadal scale, PDO associated wet and dry cycles lead to concomitant increases and decreases in suspended sediment flux to the ocean. Their approach to calculating suspended sediment discharge through the lower Salinas utilized a rating curve constructed from data collected by the USGS gauge station near Spreckels, CA (S1, see Fig. 1 ) during water years [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] , which they applied to monthly averages of daily water discharge from 1944 to 1995, resulting in an estimated average annual suspended sediment discharge of 1.7 Mt year −1 . Farnsworth and Milliman (2003) also examined the role of large discharge events in the estimation of total suspended sediment load at gauge S1, and used the same set of S1 USGS data to compute a power law rating curve that was then applied to daily water discharge data from 1930 to 2000 for an average annual suspended sediment discharge of 3.3 Mt year −1 . Gray et al. (2014 Gray et al. ( , 2015a Gray et al. ( , 2015b thoroughly investigated suspended sediment dynamics in the Salinas River in relation to climatic and hydrological drivers. It was found that C SS -Q behavior was influenced by antecedent hydrologic conditions at event, annual, interannual and decadal time scales (Gray et al., 2014 (Gray et al., , 2015a , and that the temporal trend in discharge-corrected suspended sediment concentrations was negative over the 1967-2011 period of record (Gray et al., 2015a) . Notably, no change in the relationship between precipitation and discharge was found over this time period (Gray et al., 2015a) . By taking these factors and the temporal dependence of sediment behavior into consideration, the average annual suspended sediment flux was estimated as 2.1 to 2.4 Mt (Gray et al., 2015b) .
The Arroyo Seco drains~700 km 2 of the wetter western mountains in the Salinas River watershed. The majority of the Arroyo Seco remains largely undeveloped and is undammed, unlike the other major Salinas River subbasins in this region. For this reason, the Arroyo Seco is a significant contributor of water and sediment to the Salinas River (Warrick et al., 2012) . Warrick et al. (2012) found that sediment export from the Arroyo Seco was highly controlled by the sequence of wildfire and subsequent high precipitation/discharge events. Nearly complete burning of the upper Arroyo Seco watershed in the summers of 1977 and 2008 facilitated a pairwise comparison of post fire sediment flux past gauge A3 (USGS gauge # 11151870: Arroyo Seco near Greenfield), in relation to storm timing and intensity differences (Fig. 1) . A rare (~10-year return interval), high intensity wet season during the 1978 water year led to an annual sediment flux~100 × pre-fire, while moderate precipitation in 2009 and 2010 resulted in only 5× and 9× increases, respectively. Warrick et al. (2012) estimated that the Arroyo Seco's postfire sediment flux may have caused the total Salinas River sediment to export to double in 1978.
Methods
Data
Data used in this study consisted of three types: instantaneous suspended sediment concentration and discharge observed in the Salinas River, geographical and temporal wildfire data, and land cover and land use geospatial data. A brief account of fluvial sample collection and preparation is presented here -for more details see Gray et al. (2014) .
The C SS -Q relationship
Discharge and a number of fluvial constituents, including suspended sediments, are monitored in the lower Salinas River at S1 and S2 (USGS gauge # 11152300, Salinas River near Chualar) (Fig. 1) . This study was based on 286 suspended sediment samples collected by the USGS between 1967 (USGS NWIS, 2015 , and 44 by the authors between 2008 and 2011 from gauging stations S1 and S2 and the Davis Street bridge crossing 4 km downstream from S1 (Fig. 1) . Potential biasing of the suspended sediment data set in terms of hydrologic regime representation and temporal distribution was examined and discounted in Gray et al. (2014) . Paired samples were collected by the authors from the water surface at cross-channel stations of one-quarter, one-half, and three-quarters wetted channel width (Gray et al., 2014) , which were then processed for C SS and particle size distribution as per Gray et al. (2010) .
Suspended sediment samples for this study were collected from the surface of river flow. For this reason coarse suspended sediment particles were expected to be underrepresented. Sediment suspension calculations by particle size based on the characteristics of the highest and lowest flows showed that fine particles in the clay to silt range (diameter (D) b 62.5 μm) should be uniformly distributed throughout the vertical profile (Rouse, 1937; Hill et al., 1988) . Based on these estimations, analysis of the suspended sediment samples collected by the authors was restricted to fine particles of D b 62.5 μm. Values for fine suspended sediment concentration (C SSf ) were calculated by multiplying C SS by the proportion of sediment occurring in the fine fraction:
The USGS collected flow-integrated C SS samples from the Salinas River at locations corresponding to S1 and S2 from water years 1969 to 1986 , respectively (USGS NWIS, 2015 . The 277 USGS samples used in this study represented a given discharge event and were associated with both instantaneous discharge and particle size data. The USGS samples were processed by sieving to establish the relative contribution of fine, and sand (2000 μm N D N 63.5 μm) fractions. The C SSf for these samples was calculated using Eq. (1), and the concentration of sand suspended sediment (C SSs ) was obtained by subtracting C SSf from C SS . Hereafter, the term C SS is used generally when referring to tests that were conducted separately on C SSf and on C SSs .
All suspended sediment data from the USGS were associated with measured instantaneous discharge values. Samples collected by the authors were assigned discharge values through linear interpolation between adjacent 15-min discharge data from the appropriate USGS gauge. Davis Street sample discharge was estimated from the S1 record of 15-min discharge data by applying a time lag to account for the transit of flow stage downstream, and linearly interpolated when the lagged time fell between 15-min discharge records.
Rating curves were used in this study to represent bivariate relationships between C SSf and Q (n = 330), and C SSs and Q (n = 248) (Fig. 2a,  b) . The residual of observed vs. rating curve estimates of C SS for were then used to describe changes in C SS -Q relationships over time (Fig. 2c,  d ). The rating curves were constructed with 2nd order polynomial localized regression (LOESS) techniques applied to log-transformed data (Cleveland, 1979; Helsel and Hirsch, 2002; Gray et al., 2014) , and were not corrected for log-transform bias as back-transformation for flux estimation in original units was not conducted here (Fig. 2a, b) . Residuals were obtained by subtracting the rating curve estimate of C SS from the observed value of C SS for each sample, in effect correcting sample C SS for the influence of Q (Fig. 2c, d) . These residual values then formed the basis for subsequent temporal trend and correlation analyses with potential forcing factors.
Effective burn area
Geographical and temporal wildfire data recorded by the California Department of Forestry and Fire Protection (Cal Fire) Fire Resource Assessment Program (FRAP) from 1911 to 2010 were clipped to the geographic extent of the Salinas watershed (Cal Fire, 2015) . Contributing areas behind dams were masked for the time periods of their operation, as the trapping efficiency of these dams was previously estimated as N90% for fine sediment (Gray et al., 2015b) . The areal extent of fires in undammed portions of the watershed was then summed by year for further computations of effective burn area (Fig. 3) .
The lasting, time-dependent effect of a given wildfire, or set of wildfires, on the landscape can be modeled as "effective" burn area, which is the initial burn area(s) modified by standard exponential decay functions operating over the elapsed time since the fire (Lavé and Burbank, 2004; Warrick and Rubin, 2007) . The total effective burn area for a basin (EBA) at any given time is the sum of all effective burn areas. The range of relevant half-life (t ½ ) values for the EBA decay function found for semiarid southern California systems is between 0.5 and 14 years, with 1.4 years identified as the best fit for the Arroyo Seco (Lavé and Burbank, 2004; Warrick and Rubin, 2007; Warrick et al., 2012) . In this study the EBA approach was applied to annual burn area data with a range of t ½ values from 0.5-10 years in 0.5 year steps. As most Salinas fires occur during hot, dry summers, the EBA associated with a given C SS sample was calculated by summing of effective burn area contributions from all previous years, with the year before the water year (starting on October 1) of the sample treated as t = 0, while the annual burn area from the water year of the sample was excluded. 
Agricultural data
Data analysis
Testing for the control of wildfire and agricultural activity on sediment production in the lower Salinas River was based on comparing the temporal trends of (C SS~Q ) LOESS residuals for both fines and sand with the temporal trends of metrics for EBA, bulk and crop specific agricultural areas, and areas under given irrigation types. Temporal trend analysis was conducted with Mann-Kendall and linear regression. It was hypothesized that the decreasing C SS -Q relationships found in the lower Salinas were caused by one or a combination of the following changes in sediment controls over the sample period: (i) decreased wildfire activity, (ii) decreased agricultural land area, (iii) changes in agricultural composition to less erosive crops, or (iv) changes to less erosive irrigation techniques. All data sets were examined for temporal trends in light of the 1967-2011 base period of C SS data, although the irrigation technique data set did not begin until 1993. Factors with statistically insignificant temporal trends (P ≤ 0.05) and/or trend directions opposing those expected in light of decreasing C SS -Q were eliminated as potential controls.
A correlation test was also performed between (C SS~Q ) LOESS residuals and the wildfire burn area metric EBA, as short term (annual to interannual) responses in basin scale sediment production would be expected from wildfire disturbances. A significant (P value ≤ 0.05) positive correlation between the wildfire and suspended sediment magnitudes would be considered indicative of wildfire as a potential dominant control on decadal scale trends in sediment production, since wildfire has been generally found to increase the production of sediment to a greater degree than water in the steep, brush dominated environments typical of the primary source areas in the Salinas River (Warrick and Rubin, 2007; Warrick et al., 2012; Hubbert et al., 2012) . Correlation tests were not performed on the agricultural metrics as they were expected to only produce decadal to inter-decadal sediment production responses rather than abrupt shifts in sediment supply dynamics due to the slow rate of change of these factors.
As Warrick et al. (2012) had found that wildfire affected~100 times more sediment yield from the Arroyo Seco subbasin when followed by a winter of intense storm events, EBA was also examined in concert with peak daily Q for each year. The values of (C SS~Q ) LOESS residuals for years with high EBA values were then compared with consideration given to the peak daily Q experienced by these years, to determine if the convolution of wildfire and subsequent large storms was responsible for temporal patterns of suspended sediment behavior at the annual scale.
Results
The largest total annual burn areas during the period of sediment record in the undammed Salinas Watershed occurred during the 1977, 1985 and 2008 dry seasons, with burn areas of 701, 753 and 975 km 2 , respectively (Fig. 4a) . This sequence of large annual burn areas spaced every 10-20 years, with increasing magnitudes over time, resulted in an EBA time series that exhibited positive temporal trends, the strength of which increased with increases in the t ½ parameter (Table 1, Fig. 4b ). Increasing t ½ led to increases in EBA with time as the periodicity between years of high burn area became short relative to the simulated rate of burn area decay (Fig. 4b) .
Over the same 1967-2011 time period discharge-corrected C SSf and C SSs displayed significantly decreasing temporal trends (Table 1) . Thus, EBA, and discharge corrected C SSf and C SSs time series exhibited opposing temporal trends. Correlation analysis of suspended sediment behavior in relation to EBA confirmed that these opposing temporal trends resulted in generally negative relationships between C SS and EBA (Table 1 ). All methods of correlation analysis found that (C SSf~Q ) LOESS residuals decreased with increasing EBA, and that increasing the t 1/2 of the EBA calculation served to increase the strength of the negative correlation. Sand results were mixed, with low t 1/2 EBA values yielding slightly positive, insignificant trends, and higher t 1/2 EBA values producing significant, slightly negative trends.
Water years with high EBA values experienced a wide range of hydrologic intensities including conditions that produced very low and very high discharge (Fig. 5) . Of the eight years with EBA (t 1/2 = 1.5 year) N 500 km 2 between 1967 and 2011 (labeled by year in Fig. 5 ), maximum daily Q ranged between 27.8 and 1161 m 3 /s. Log (C SS~Q ) LOESS residuals plotted for suspended fines and sand for these high EBA years showed no consistent pattern of increased C SS due to EBA alone (Fig. 6 ). Two years with high EBA values (1978 and 1998) experienced maximum daily Q N 1000 m 3 /s, or N 90·Q mean .
Samples from 1978 exhibited mean log residual values of 0.144 and 0.195 for fines and sand, respectively, which translates to C SS values 39% and 56% greater than the rating curve estimates fitted to the complete data set. Only a single sample was available for 1998, which had a positive sand residual and slightly negative fine residual. Indeed, of the 66 fine sediment samples from high EBA years, all but 18 plotted in negative residual space, and 11 of the 18 positive residual values were from 1978. As a group, the high EBA sand samples had an average residual value of~0, though most of the positive residuals were from samples collected in 1978 as well. Thus, although 1978 seems to have produced higher C SS in coincidence with high magnitude rainfall/runoff events acting upon a watershed with a relatively high proportion of burn area, there is a lack of evidence for this phenomena exerting significant control on suspended sediment behavior during other high EBA/ high Q years, which was unexpected. Beginning in the mid-1960s dry (mostly non-irrigated) field products like barley and animal feed declined and root products such as sugar beets and potatoes all but disappeared (Table 2, Fig. 7a ). Intensively irrigated row crops and utilization of land for multiple cropping seasons expanded, including rapid increases in leaf lettuce beginning in the early 1980s, while grape production expanded rapidly from 6 to 141 km 2 between 1971 and 1974, mostly on converted field crop and grazing lands. As a result of these crop changes and the limited use of efficient drip irrigation (b 15% of irrigation area at the time), groundwater withdrawals are estimated to have increased during the first half of the suspended sediment record (Brown and Caldwell, 2015) . Monterey County, which is mostly contiguous with the Salinas watershed, began recording groundwater withdrawals in 1993 (Fig. 7b) . Between 1993 and 2010 total ground water extraction actually decreased from 0.62 to 0.57 km 3 , although irrigated agricultural land area increased from 702 to 732 km 2 and total crop area increased from 1270 to 1588 km 2 (Fig. 7a, b) . Decreased extraction despite crop intensification was largely enabled by increases in irrigation efficiency, including decreased water losses during transport to fields and basin-wide implementation of drip irrigation (Fig. 7c) . Drip irrigation is known to produce much less off-field sediment transport during the irrigation season than sprinkler and furrow irrigation techniques. Thus, large scale conversion from furrow to drip irrigation led to decreases in irrigation water use, and may have also played a role in decreasing Salinas River suspended sediment concentrations in the latter 20th to early 21st centuries.
Discussion
Decreasing trends in suspended sediment concentration-discharge relationships were observed in the lower Salinas River from 1967 to 2011 despite increasing activities of wildfire and agriculture in the watershed over this period. Increases in effective burn area (Warrick and Rubin, 2007) and total crop area (Brush, 1989; Pasternack et al., 2001) have been generally found to increase sediment production at the watershed scale. Shifts in crop structure were dominated by a rise in row crops over this time period, which would also have been expected to increase sediment production. Row crop fields of are often left bare over the winter, rendering them prone to rainfall/runoff driven erosion, and degradation of the necessary drainage networks of earthen ditches can result in further increases in sediment export (Tanji et al., 1980; Tanji et al., 1983) .
With the exception of changes in irrigation practices, potential control of decreasing suspended sediment loads from other anthropogenic activities can be discounted due to limited areal extent or timing. Urbanization increased, but only to approximately 2% of the Salinas River watershed area. While urbanization can lead to decreases in discharge-corrected C SS values by increasing the production of runoff from precipitation without concomitant increases in sediment production (Warrick and Rubin, 2007) , no shift in the P-Q relationship was observed in the Salinas River between 1967 and 2011 (Gray et al., 2014) . Conversely, the damming of Salinas River subbasins and attendant sediment trapping has been estimated to have significantly decreased sediment flux relative to pre-dammed conditions (Willis and Griggs, 2003) . However, dam emplacement in the Salinas Watershed occurred before the period of suspended sediment record, and the trapping characteristics of their reservoirs are not expected to have changed significantly over the intervening years (Gray et al., 2014) .
Wildfire activity was insufficient to counteract the negative interdecadal trend in suspended sediment load, even though the years with the highest EBA values in the Salinas River watershed fell toward the end of the record. There was some indication that the large fires preceding the 1978 water year, coupled with the high Q-producing storm events of that year, may have increased suspended sediment load in agreement with the findings of Warrick et al. (2012) . However, other years with high effective burn areas and relatively high Q-intensities did not express consistent increases in C SS .
The lack of wildfire control on inter-decadal scale trends in sediment loads may be due to issues of scale and the areal extent of burning. Often findings of dominant wildfire control come from studies of small, headwater catchments that have experienced burning over a high proportion of land area (e.g. Florsheim et al., 1991; Cannon, 2001; Lavé and Burbank, 2004; Warrick et al., 2012) . Indeed, the suspended sediment flux from the Arroyo Seco subbasin was found by Warrick et al. (2012) to be highly controlled by the coincidence of wildfire and large storms on the basis of two instances of nearly complete burning of the watershed's oak and chaparral shrublands. The role of fire in maintaining chaparral vegetation communities and dominating sediment production in the semi-arid foothills and low mountains typical of coastal central and southern California has been extensively reported (Hanes, 1971; Rice, 1982; Minnich, 1983; Florsheim et al., 1991; Mensing et al., 1999; Fotheringham, 2003a, 2003b; Moritz, 2003; Wohlgemuth and Hubbert, 2008; Keeley and Zedler, 2009; Hubbert et al., 2012; Staley et al., 2014) . In contrast, the undammed Salinas River watershed is an order of magnitude larger than the Arroyo Seco, with about half the average relief, and extensive agricultural development consisting of irrigated agriculture in lowlands and extensive grasslands on lower foothill slopes. As a result, even the largest EBA calculated for the Salinas River were only 10% of the undammed watershed (985 km 2 , t 1/2 = 1.5 years, water year 2009). Thus the larger land area of the Salinas River watershed with numerous tributary drainages and divides and attendant mosaics of vegetation and microclimates has resulted in a mosaic of small wildfires relative to watershed size during any given fire season. Disconnected fire patches would be expected to produce less effective transfer of fire generated hillslope sediments to channels, in contrast to that of a completely burned watershed. Lowlands in the mainstem drainage network of the Salinas River also likely present a sink that moderates the signal of hillslope sediments produced from burned land surface, further obscuring the signature of more extensive burn years (Gray et al., 2014) . Lavé and Burbank (2004) found a similar disappearance of wildfire control on inter-decadal scale sediment production when scaling up from small, 10 −1 to 10 1 km 2 scale headwater subbasins to 10 2 km 2 scale watersheds in the San Gabriel Mountains of the southern California. Furthermore, semi-arid systems with intermittent flow and high discharge losses to groundwater recharge like the lower Salinas River tend to have longer residence times for suspended sediment due to increased incidence of in-channel deposition, particularly during flows into dry channels (Tanji et al., 1983; López-Tarazón and Vericat, 2011) . Previous and continuing alterations to the Salinas River and its watershed may have exacerbated the attenuation of hillslope sediment production signals by destabilizing the channelized system of the lower Salinas and drawing down the ground water table. Widespread deforestation along the banks of the lower Salinas River in the 19th century seemed to have decreased bank strength and led to a transition from a single meandering channel (Crespí and Brown, 2001 ) to a disorganized sandy active corridor, with localized and incipient braiding, which persists today. Intensive groundwater pumping remains above replacement (Brown and Caldwell, 2015) , which could further exacerbates this scenario of lowland moderation of highland sediment production signatures by increasing the proportion of channelized flow abstracted to groundwater recharge (Planert and Williams, 1995) . Indeed, early wet season flows have been observed to completely attenuate before reaching gauges S1 and S2, and thus completely depositing their suspended sediment loads into the channel (Gray et al., 2014) .
A more direct human cause of the overall negative trend in C SS , and the period of low C SSf that has persisted since the mid-1990s, is the conversion of agricultural operations to drip irrigation. Previously dominant methods of irrigation, particularly furrow, were known to produce large amounts sediment from off field transport and irrigation canal erosion (e.g. Tanji et al., 1980; Carter et al., 1993; Koluvek et al., 1993) . Drip irrigation has been shown to result in much lower off-field transport of sediment than sprinkler and furrow methods (McHugh et al., 2008) , and was introduced to California in the early 1960s. Large scale shifts in agricultural practices toward drip irrigation was contemporary with the decrease in suspended sediment concentration-discharge relationship observed for fine and sand sized sediment in the lower Salinas River. Although drip irrigation was used for only~14% irrigated land coverage by 1993, over the next 17 years land area under drip irrigation quadrupled, replacing sprinkler and furrow methods as the primary irrigation practice in the Salinas Valley. This change in irrigation technology may be the dominant driver of not only the decreasing fine and sand sediment production trend found from 1967 to 2011, but also the timing of the departure from the hydrologic and climatic controls that Gray et al. (2015a) found for fine sediment in the late 1990s to early 2000s.
Drip irrigation has largely replaced older methods of irrigation for certain crops throughout California and other semi-arid or drysummer climatic regions over recent decades, primarily due to increases in yields of high value row crops such as tomatoes (Hanson and May, 2004 ; Mark Lundy, University of California Cooperative Extension, personal communication). Widespread adoption of drip irrigation for such crops could have the unintended side-effect of reducing the entrainment of agricultural sediments into fluvial systems in these regions, which may have beneficial water quality consequences. Fluvial sediments are the greatest single impairment of rivers and streams in California, many other parts of the U.S. and the world (USEPA, 2014). Furthermore, agricultural sediments are often exposed to surface reactive nutrients such as phosphates, and multiple pesticides, many of which are hydrophobic and primarily transported off-site in association with fine sediments (Weston et al., 2004) . Although winter season erosion remains an issue on such fields in single cropped areas, the time period between pesticide application and off-field transport is much longer for sediments eroded during the winter, perhaps decreasing winter off-field sediment associated pesticide fluxes. Thus, increases in drip irrigation use could yield a potential benefit in reducing the delivery of agricultural sediment to water bodies, particularly during the times when these sediments are most contaminated.
Conclusions
Neither wildfire effective burn area nor its coincidence with large rainfall/runoff events were found to have consistently identifiable effects on suspended sediment flux from the Salinas River from 1967 to 2011. The prevailing negative trends in suspended sediment concentration observed over this period ran directly contrary to the positive trend in basin-wide effective burn area. Thus, other factors acting to decrease sediment supply and/or transport through the basin were sufficient to mask the inter-decadal scale effects of wildfire. The wildfire induced sediment signal itself was also possibly dampened due to the issues of low proportional burn areas for any given year, which were generally composed of mosaics of even smaller fires in headland catchments, and sediment transport pathways traversing a mainstem valley floor prone to deposition and resuspension processes operating over a wide range of time scales.
Antecedent basin conditions described by the hydrologic history of the basin were previously identified as significant factors affecting much of the decadal to inter-decadal scale pattern in suspended sediment behavior in the Salinas River. However, changes in land use, particularly a shift to less erosive drip irrigation techniques, may have been responsible in part for decreasing suspended sediment concentration, particularly for the fine fraction. Process based field inquiry would be required to corroborate these stochastic findings, which highlight the often complicated host of controls operating on suspended sediment production dynamics in semi-arid, developed watersheds.
